Topology optimization is a mathematical approach that optimizes the layout for the given design constraints such as loading and boundary conditions so that the optimum design obtained performs its function. In different types of loading conditions such as single load or multiple load topological optimization result in the best use of a material for a body in given volume constraints. In topological optimization the structural compliance is minimized while satisfying a constraint on the volume of the structure. This paper represents the topological optimization of the fork-end (double eye) of a knuckle joint with the objective to reduce the mass of an existing fork-end of a knuckle joint of an automobile or locomotive by applying the optimization technique. Reducing the weight of an automobile part will result in the overall weight reduction of a vehicle, thus, its energy consumption demands decrease thereby improving its fuel efficiency. The topological optimization was done using a finite element solver, ANSYS. The ANSYS Parametric Design Language was employed for utilizing the topological optimization capabilities of the commonly used finite element solver ANSYS. Solid92 elements were used to model and mesh the fork end of the knuckle joint in ANSYS. The optimality criteria method was used for topological optimizing the fork end of a knuckle joint.
Introduction
Engineering design refers to converting ideas into reality, that is, obtaining the optimum solution to a specific problem so that demands of society are met. To achieve this, one should study and simulate the design of the components and optimize the material for cost effectiveness. Topological optimization is a process to optimize the material distribution in a given domain of a structure [1] for optimum use of a material along with minimizing displacement and the stresses that develop. In topological optimization function and variables are used to define the problem: the objective function (f): a function that contains the characteristics of the structure such as compliance or stiffness [2] . Design variable (x): this is a variable or vector that describes the distribution of mass through the given design domain. State variable (y): vary depending on the design variable, such as displacement, stress, etc. Here, the fork-end of the knuckle joint was analyzed through the finite element method. A knuckle joint is a mechanical joint used in machines to provide connectivity between two intersecting cylindrical rods, whose axes lie on the same plane. When loading is applied on the cylindrical rods, the load fork end and the eye end adjust their positions about the axis of the knuckle pin. The structure diagram of the fork end of knuckle joint with dimensions (all dimensions are in mm) is shown below in Figure 1 , which was used in ANSYS molding. Naman Jain is the corresponding author. ©2018 Walter de Gruyter GmbH, Berlin/Boston. SIMP stands for the solid isotropic material with penalization method [3] , [4] . In this method we define a design variable known as pseudo-density defined as:
The design domain first divided into finite part [5] and each part is represented by a pseudo-density the value of which lies between 0 and 1 [6] , where 0 represents no material whereas 1 represents 100% volume. In each iteration the value of the pseudo-density variable is optimized. The penalization scheme or the power law approach was applied to the evolution 0-1 scaling. For isotropic material the value of penalization 3 was taken.
The problem in topological optimization is converted into:
Subject to:
Materials and methods

Finite element modeling
In the knuckle joint there are three basic components namely: eye-end, fork-end and the pin, the dimensions of the fork-end essentially depend upon the load applied in the joints. First, we have prepared the computerassisted design (CAD) model of the fork-end of a knuckle joint using ANSYS software (Canonsburg, Pennsylvania) as shown in Figure 2A . While preparing the CAD model, we assigned the proper dimensions and the material properties of the abovementioned parts as per Figure 1 . The material selected in the present investigation was structural steel. The model of the fork-end of the knuckle joint was meshed with SOLID95 element type as shown in Figure 2B and Table 1 represents the mesh results. The element is defined by 20 nodes having three degrees of freedom per node: translations in the nodal x, y and z directions. The element may have any spatial orientation. The element has plasticity, creep, stress stiffening, large deflection and large strain capabilities. The fork end was subjected to a horizontal force of P (50 N) to the left and both the inner circle of the fork end constrained with zero degree of freedom in all direction as shown in Figure 3 . The sum of all the horizontal force acting on rod-A must be equal to zero. Therefore, there should be a force P to the right acting on the fork end. The force P is divided into two parts, each equal to (P/2) as reaction forces on the fork end. 
The optimality criterion approach
To solve the optimization problem optimality criterion approach [7] , [8] , [9] was employed. In the optimality criteria method a Lagrangian function was created as per the design domain and the boundary condition was applied. Two types of problems exist in the topological optimization, either we minimize or maximize the objective function [10] , [11] , [12] , subject to the constraints on the material resource. In the present investigation, compliance [1] , [13] , [14] is objective function and we are minimizing it. An iterative based optimization technique is applied to solve this problem. The Lagrangian function based on eq. 3 for the optimization problem is defined as:
where Λ, λ 1 , λ 2 and λ 3 are Lagrange multipliers for the various constraints. The optimality condition is given by:
Now, compliance,
Differentiating the above equation w. r. t. x i , the optimality condition can be written as:
The compliance sensitivity can be evaluated as using the following equation:
Based on these expressions, the design variables are updated and in each iteration the optimum solution is obtained.
Results
In this section the detailed results of finite element analysis and optimization of the fork-end of the knuckle joint have been presented. The static analysis of the fork-end of a knuckle joint structure was carried out for the load cases shown in Figure 3 . The material selection depends upon the fact that it could withstand the stresses developed in the joint, and also could deform elastically during its operation. ANSYS software was used to measure the amount of deformation in the x-direction (Ux), the y-direction (Uy) and stress intensity as shown in Figure 4 A, B and C respectively. Maximum displacement in the x-direction is 26.072 μm where as in the y-direction it is 3.7032 μm with stress intensity of 101.19 N/mm 2 . The optimization of the fork-end of a knuckle joint was carried out using the topology optimization technique as shown in Figure 5 . The optimization focused on the uncritical sections which need to be reduced. The main objective was to minimize the weight of the connecting rod as well as the total production cost. It can be seen that the optimized model reduced the weight from the initial design until the value converged as shown in Figure 6 and Table 2 . The value of the convergence criteria was 0.0001 and volume fraction of 0.40 was used in the topological optimization of the fork-end of a knuckle joint and the compliance of the fork-end was reduced by 50.4%. 
Conclusion
The modeling of the fork-end of a knuckle joint and finite element analysis has been presented. Topology optimization was analyzed to the fork-end of the knuckle joint and according to the results, it can be concluded that the weight of optimized design was reduced and the maximum stress was also predicted to be lower than the initial design of the fork-end. The results clearly indicate that the new design is much lighter and has more strength than initial design of the fork-end of the knuckle joint. The material optimization approach should be considered for future research for shape optimization and sizing optimization. In shape optimization, the optimum design obtained after topological optimization goes through shape optimization where the shape of the design is determined as per manufacturing considerations.
